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Femtosecond absorption difference spectroscopy was applied to study the time and spectral evolution of low-temperature (90 K) absorbance
changes in isolated reaction centers (RCs) of the HM182L mutant of Rhodobacter (Rb.) sphaeroides. In this mutant, the composition of the B-
branch RC cofactors is modified with respect to that of wild-type RCs by replacing the photochemically inactive BB accessory
bacteriochlorophyll (BChl) by a photoreducible bacteriopheophytin molecule (referred to as ΦB). We have examined vibrational coherence
within the first 400 fs after excitation of the primary electron donor P with 20-fs pulses at 870 nm by studying the kinetics of absorbance changes
at 785 nm (ΦB absorption band), 940 nm (P*-stimulated emission), and 1020 nm (BA
− absorption band). The results of the femtosecond
measurements are compared with those recently reported for native Rb. sphaeroides R-26 RCs containing an intact BB BChl. At delay times
longer than ∼50 fs (maximum at 120 fs), the mutant RCs exhibit a pronounced BChl radical anion (BA−) absorption band at 1020 nm, which is
similar to that observed for Rb. sphaeroides R-26 RCs and represents the formation of the intermediate charge-separated state P+BA
− .
Femtosecond oscillations are revealed in the kinetics of the absorption development at 1020 nm and of decay of the P*-stimulated emission at
940 nm, with the oscillatory components of both kinetics displaying a generally synchronous behavior. These data are interpreted in terms of
coupling of wave packet-like nuclear motions on the potential energy surface of the P* excited state to the primary electron-transfer reaction
P*→P+BA
− in the A-branch of the RC cofactors. At very early delay times (up to 80 fs), the mutant RCs exhibit a weak absorption decrease
around 785 nm that is not observed for Rb. sphaeroides R-26 RCs and can be assigned to a transient bleaching of the Qy ground-state absorption
band of the ΦB molecule. In the range of 740–795 nm, encompassing the Qy optical transitions of bacteriopheophytins HA, HB, and ΦB, the
absorption difference spectra collected for mutant RCs at 30–50 fs resemble the difference spectrum of the P+ΦB
− charge-separated state
previously detected for this mutant in the picosecond time domain (E. Katilius, Z. Katiliene, S. Lin, A.K.W. Taguchi, N.W. Woodbury, J. Phys.
Chem., B 106 (2002) 1471–1475). The dynamics of bleaching at 785 nm has a non-monotonous character, showing a single peak with a
maximum at 40 fs. Based on these observations, the 785-nm bleaching is speculated to reflect reduction of 1% of ΦB in the B-branch within
about 40 fs, which is earlier by ∼80 fs than the reduction process in the A-branch, both being possibly linked to nuclear wave packet motion in
the P* state.
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The photosynthetic bacterial reaction center (RC) is a mem-
brane-bound pigment–protein complex that initiates the conver-
sion of light energy into chemical potential energy by a series of
fast electron-transfer reactions. The three-dimensional crystal
structures of purple bacterial RCs from Blastochloris (formerly
Rhodopseudomonas) viridis and Rhodobacter (Rb.) sphaeroides
have been solved to atomic resolution [1,2]. The RC of Rb.
sphaeroides consists of three protein subunits (L, M and H) and
several cofactors that are non-covalently bound to the L and M
subunits. The RC cofactors are arranged in two symmetrically
positioned branches (denoted A and B). Each branch starts with
the primary electron donor (P, a dimer of strongly interacting
bacteriochlorophyll (BChl) molecules), proceeds via a monomer-
ic BChl molecule (BA or BB) and a bacteriopheophytin (BPheo)
molecule (HA or HB), and terminates with a quinone acceptor (QA
or QB). Despite the structural symmetry only the A-branch is active
in charge separation. Upon excitation of P an electron is transferred
from the lowest-lying excited singlet state P* to HA with a time
constant of ∼3 ps at room temperature (∼1.5 ps at low tem-
peratures) resulting in the charge-separated state P+HA
−. The state
P+QA
− is then formed by electron transfer (ET) fromHA
− toQAwith a
time constant of∼200 ps at room temperature (∼100 ps at 77K and
below). The overall quantum yield of this charge-separation
process is close to unity both at room and low temperatures (for
reviews, see Refs. [3–5]).
Several groups have provided evidence that primary charge
separation in purple bacterial RCs is a two-step process that
involves BA as a real intermediate electron carrier between P* and
HA, the ET rate fromBA
− to HA being several times faster than that
from P* to BA [6–15]. Another point of view is that the sum of the
observations can be better interpreted in terms of parallel function
of BA as a redox-active intermediate and as a mediator, of which
the vacant orbitals are involved in the superexchange mechanism
to facilitate ET from P* to HA [16–22]. Compelling data favoring
two-step ET have recently been obtained by measuring dynamics
of the development and decay of the absorption band at 1020 nm
that is characteristic of the radical anion BA
− [7,9,10,13,23]. Using
this approach, a long-lived (∼1 ns) state P+BA− has been detected
at 5 K in modified RCs of Rb. sphaeroides R-26, in which ET
from P* to BA was unperturbed but ET to HA was blocked by
exchanging plant pheophytin for BPheo [13]. The free energy
level of P+BA
− was estimated to lie ca. 40–70 meV below that of
P* [9,10,24–29].
In recent years, femtosecond coherent optical spectroscopy has
been used as a new powerful tool for investigating the primary
charge separation in bacterial RCs. Apart from providing an
adequate technique to study the nature and kinetics of the ultrafast
primary electron transfer between the chromophores, this kind of
spectroscopy allows one to detect coherent nuclear dynamics,
thus offering a possibility to reveal nuclear motions thatmay drive
or assist ET reactions. Vos and co-authors [30–33]were the first to
show that impulsive excitation of the primary electron donor in
purple bacterial RCs with very short (several tens of femtose-
conds) spectrally broad (several hundreds of cm−1) laser pulses
results in oscillations in the decay kinetics of the stimulatedemission from the P* excited state. Analogous oscillations have
also been found in spontaneous fluorescence studies [34]. These
data were interpreted as formation and coherent propagation of a
vibrational nuclear wave packet on the P*-potential energy
surface [14,31,32]. Due to a displacement of the potential energy
surface of P* with respect to that of P the spectral position of the
P*-stimulated emission is time dependent. As a result, “blue” (at
about 900 nm) and “red” (930–940 nm) extremes of the stim-
ulated emission band are present that are out of phase with each
other but have similar oscillation frequencies. A manifold of
vibrational motions activated by the P→P* transition maintains
phase relationships on the time scale of the primary ET reaction
both at room and low temperatures and is characterized by a
number of frequency components in the range of about 10–
400 cm−1 [32,33].
With respect to themechanism of charge separation in bacterial
RCs, a question of great interest is whether coherent vibrational
dynamics in the P* state is coupled to the electron-transfer re-
actions. Several experimental works have recently addressed this
question by studying oscillations in the transient absorption
changes at the wavelengths probing the product charge-separated
state P+BA
− and P+HA
− [14,35–41]. Due to the spectral congestion,
a critical point in such studies is an assignment of the oscillatory
features to the specific optical transitions of the product states and
separating them from those probing the P* reactant state.
Potentially, transient absorptionmeasurements in the 1020-nm
band originating from the BChl radical anion absorption [7,9,
10,13,23] should allow for direct detection of coherent formation of
the P+BA
− state because only small interference from other inter-
mediates is expected in this spectral region [14]. At present, there is
no yet consensus on the origin and functional relevance of the
oscillations observed in the transient absorbance changes in the
1020-nm spectral region [14,37–40]. The first experiments per-
formed on Rb. sphaeroides R-26 RCs with 60–100-fs excitation
[14] showed alike oscillations both in the BChl radical anion
absorption region at 1020 nm and in the ranges of excited state
absorption and stimulated emission of P*. No direct indication for a
wave packet like modulation of the electron-transfer process was
obtained in these studies. The frequencies and phases of the
revealed dominant high-frequency (135 cm−1) oscillation were
found to persist throughout the whole 920–1100-nm spectral
region investigated with no apparent peculiarities in the BChl
radical anion range, suggesting that they originated from P*-
stimulated emission rather than from BA
− modulation, even in the
1020-nm region. The work was inconclusive about the nature and
the role in ET of the minor weak low-frequency (40 cm−1) oscil-
latory component.
In contrast to these initial studies, recent experiments with non-
treated and plant pheophytin-modified RCs ofRb. sphaeroidesR-
26 excited by 25-fs laser pulses showed coherence both in the P*
stimulated emission region (around 935 nm) and in the BChl
radical anion (BA
−) absorption band around 1020 nm [37–40].
Analysis of thewhole spectral evolution (instead of the analysis of
the kinetics used in Ref. [14]) was employed to separate the BA
−
absorption from the stimulated emission signal. Both similarities
and differences were revealed in the oscillatory parts of the
kinetics of the P* stimulated emission decay at 935 nm and of the
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− absorption band development at 1020 nm. In particular, the
Fourier transform spectra of the oscillatory parts showed the
presence of two main frequency components (∼130 cm−1 and
32 cm−1) in both kinetics, with the 32-cm−1 mode significantly
increased in the kinetics at 1020 nm. The spectral and kinetic data
were interpreted in terms of oscillating motion of the photoin-
duced nuclear wave packet on the P* potential energy surface
coupled to a population of an intercrossing area between P* and
P+BA
− potential energy surfaces with the initial period of about
260 fs [37–40]. Assuming that two diabatic states, P* and P+B−,
are strongly coupled with two collective nuclear modes, model
calculations have proposed that the 130-cm−1 mode determines
an efficient tunneling through the barrier between the states, and
the 32-cm−1 mode is responsible for a stabilization of the product
state P+B− [42].
Involvement of a 30-cm−1 component in the coherent dynam-
ics of the P+HA
− state formation in Rb. sphaeroides RCs has been
suggested by analysis of periodic modulations in the rise kinetics
of the electrochromic shift of the BChl monomer at 788 nm [41],
and in the kinetics of the bleaching of the Qy absorption band of
HA at 760 nm [39,40].
In order to obtain more information on a possible role of
vibrational coherence in ET, we have studied coherent effects in
the modified RC that is capable of both A- and B-branch charge
separation. For this purpose, 20-fs absorption difference spec-
troscopy was applied to isolated RCs of the HM182L mutant of
Rb. sphaeroides, inwhich the BB-binding site cofactorwas shown
to be accessible to ET from P* [43–45]. In this mutant, a BPheo
molecule (we shall in the following refer to it asΦB) is introduced
in place of the BB BChl by changing the histidine ligand to the BB
BChl at the position M182 for leucine [43]. It is largely accepted
that in purple bacterial RCs the free energy level of the P+BB
− state
lies higher than that of P*, making ET to the BB BChl to be
unfavorable [46,47]. The replacement of the BB BChl a with
BPheo a that is easier to reduce thanBChl a in vitro [23,48] places
the free energy level of P+ΦB
− below P* [44], and, as a con-
sequence, excitation of P in theΦB-containing RC results in both
the normal A-branch charge separation with formation of the
P+HA
− state and the alternative B-branch ET producing the state
P+ΦB
− with a yield of about 35% at room temperature and 12% at
cryogenic temperatures (77 and 9 K) [43–45]. The P+ΦB
− state
was shown to recombine to the ground state with a lifetime of
about 200 ps both at room and cryogenic temperatures [43,44].
Population of the state P+HB
− is not observed in theΦB-containing
RC because the free energy level of P+ΦB
− seems to be below that
of P+HB
−, thus preventing further ET from ΦB
− to HB [44]. No
evidence for involvement of themonomer bacteriochlorophyll BA
in charge separation in the A-branch has been reported for this
mutant.
We present the data on the ultrafast absorption dynamics in
HM182L mutant RCs at 90 K within the first 400 fs after ex-
citation of P with 20-fs pulses at 870 nm. The 400-fs time interval
includes approximately one and a half period of oscillations in the
kinetics of the BA
− absorption development at 1020 nm observed
earlier for native Rb. sphaeroides R-26 RCs (one period is about
260 fs, according to Refs. [39,40]). We show that HM182L
mutation does not affect significantly the initial A-branch elec-tron-transfer reaction, with the monomer BChl BA functions as
the primary electron acceptor. In addition we find a modulation
of the kinetics of absorbance changes in the spectral regions for
both the reactant P* excited state and the product charge-
separated states P+BA
− and P+ΦB
−. On this basis, a relation between
coherent nuclear wave packet motion in the P* state and electron-
transfer reactions to BA and ΦB electron acceptors is proposed.
2. Materials and methods
2.1. Site-directed mutagenesis
ThemutationHM182Lwas introduced into pufM gene, encoding theMprotein
subunit of the reaction center of Rb. sphaeroides, by changing the native CAC
codon for histidine 182 to the CTG codon for leucine. The mutagenesis system
used was originally developed by Paddock et al. [49]. The genetic manipulations
were performed as described in Ref. [50]. The gene carrying the HM182Lmutation
was inserted into a vector, in which a tag consisting of seven sequential histidines
was engineered immediately after the stop codon of pufM gene [50,51].
2.2. Isolation and purification of reaction centers
HM182L mutant RCs were prepared from semi-aerobically grown cells
following a standard isolation procedure [52] with slight modifications. Briefly,
chromatophores were prepared from sonicated cells, and RCs were isolated by
incubating chromatophores with 1.2% lauryldimethylamine N-oxide (LDAO) fol-
lowed by centrifugation and anion exchange chromatography on a DEAE cellulose
DE52 (Whatman) column. The final purification of the RC protein was achieved by
repeated chromatography on Fractogel EMD DEAE 650 (S) (Merck) anion
exchange columns. PurifiedRCswere suspended in 10mMTris–HCl, pH8.0/0.1%
LDAO/180 mM NaCl buffer.
For time-resolved measurements, the detergent LDAO was exchanged for
TritonX-100 by repeated cycles of diluting sampleswith 10mMTris–HCl, pH 8.0/
0.05% Triton X-100 and re-concentrating on a membrane in a pressure cell under
argon gas. The samples were desalted during this procedure. Low-temperature
(90 K) measurements were performed on the samples containing 65% (v/v)
glycerol. The absorbance of the RCs at 860 nm before addition of glycerol was
adjusted to 0.5 in a 1-mm optical path-length cell at room temperature. Sodium
dithionite (5 mM) was added to keep RCs in the state PBAHAQA
− . Under the
excitation conditions used, the P long-wavelength absorption band at 880 nm
typically bleached by as much as 35% at 90 K.
Ground-state absorption spectra were recorded on a Shimadzu UV-1601 PC
spectrophotometer.
2.3. Time-resolved femtosecond spectroscopy
Femtosecond transient absorption-difference measurements were carried out
with a Tsunami Ti:sapphire femtoscond laser pumped by a Millennia YAG laser
(both Spectra Physics, USA). Femtosecond pulses were amplified by a home-built
Ti:sapphire amplifier followed by a continuum generator, pump-probe scheme and
an optical multichannel analyzer, described in detail in Ref. [37]. The operating
frequency was 15 Hz. The duration of pump and probe pulses was about 20 fs.
Spectrally broad pump pulses were centered at 870 nm. The delay time between
pump and probe pulses could be set with an accuracy of ∼1 fs. The temporal
dispersion in the spectral region 900–1060 nm was compressed to less than 30 fs.
The range of 700–800 nm was characterized by the same compression of the
temporal dispersion.
Transient absorption difference spectra were obtained by averaging of 2000–
10000 measurements at each delay time. The accuracy of absorbance measure-
ments was 1×10−4 units of optical density. The kinetics of absorbance changes
(ΔA) in the bands of the time-resolved spectra near 777, 785, 940 and 1020 nm
were plotted as described in Ref. [40] on the basis of the peak amplitudes of these
bands taken at various delay times, after subtracting contributions from interfering
background signals. As a result, we plotted the kinetics at 785, 940, and 1020 nm
using the actual magnitudes of the absorbance changes at these wavelengths minus
the corresponding backgrounds. This is an alternative approach [5,39,40] that is
Fig. 2. Transient absorption difference spectra measured at various femtosecond
delay times at 90 K for HM182Lmutant RCs of Rb. sphaeroides excitedwith 20-fs
light pulses at 870 nm. The spectra are acquired in the wavelength region of 1000–
1060 nm where the absorption band of the radical anion BA
− is expected to be
observed. For clarity, the spectra are displaced vertically with respect to one
another. The dotted lines show the position of the base lines. The dashed line shows
the background signal due mainly to the long-wavelength wing of stimulated
emission from P*. The double-headed arrow demonstrates an example of the peak
magnitude of the absorbance changes at 1020 nm used to plot the kinetics at
1020 nm presented in Fig. 5.
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kinetic traces are registered at certain wavelengths with respect to zero. In the case
when several processes contribute to the kinetics simultaneously, the latter method
may give non-adequate information on a specific state under study. Themethod we
employedmakes it possible to strongly decrease the perturbations of kinetics due to
mixing with the P*-induced absorbance changes and/or coherent effects near zero
delay taking advantage that theΔA bands investigated are spectrally narrower then
the background signals (see Results for more details).
To obtain the oscillatory parts of the kinetics the polynomial non-oscillating fits
were found mathematically and subtracted from the kinetics plotted [40]. In this
study, oscillatory components were analyzed within the first 400 fs after an
excitation pulse. The non-oscillating fits were deduced from the kinetics obtained
in the delay time range from 0 to 4 ps.
3. Results
3.1. Ground-state absorption spectra
Fig. 1 shows the ground-state room-temperature absorption
spectrum (panel A) and its second derivative (panel B) of reaction
centers of the HM182L mutant of Rb. sphaeroides used in this
study. The absorption spectrum is virtually identical to that
described for this mutant earlier [43,45]. In the Qy region, the RCs
display a long-wavelength absorption band at about 860 nm that is
attributable to the low-energy exciton transition of a dimer of
BChl molecules constituting the primary electron donor P. The
ΦB molecule has the Qy transition located near 785 nm [43]
(788 nm, according to the second derivative, Fig. 1B). The
overlap of this latter transition with the BA BChl transition at
803 nm results in a broad absorption band centered at 797 nm
(Ref. [43]; Fig. 1). The composite absorption band near 760 nm is
attributed to the Qy transitions of both the HA and HB BPheos. On
lowering the temperature the absorption bands of HM182L
mutant RCs are narrowed, and the long-wavelength P transition is
red-shifted to 885–890 nm at 77 K yielding better spectral res-
olution [44,53]. The other Qy bands show no significant tem-
perature shifts, with the Qy absorption band ofΦB being resolved
at about 790 nm at 77 K [44,53].
3.2. Transient absorption difference spectra
Fig. 2 shows 90 K transient absorption difference spectra
obtained with HM182L mutant RCs in the range of 1000–Fig. 1. Ground-state room-temperature absorption spectrum (panel A) and its
second derivative (panel B) of HM182L mutant RCs of Rb. sphaeroides.1060 nm at various delay times between−25 and 350 fs relative to
the excitation flash. Similar to nativeRCs ofRb. sphaeroides [40],
mutant RCs exhibit in this spectral region a pronounced, relatively
narrow band peaking at about 1020 nm that is attributable to a
BChl radical anion absorption [7,9,10,13,23]. (We use the term
‘native’ for both non-treated and plant pheophytin-modified Rb.
sphaeroides R-26 RCs to distinguish between these two types of
RCs, containing BChl BB, and RCs of the HM182L mutant, that
contain BPheoΦB.) It is seen (Fig. 2) that the 1020-nm absorption
band is apparently superimposed on a negative background signal
that is dominated by a wing of the red (∼940 nm) extreme of the
P*-stimulated emission band. Neither the absorption increase at
1020 nm nor the background signal is observed in the difference
spectra up to about 50 fs. At later delay times, the 1020-nm band is
prominent at 119 fs after excitation of P, then it is much smaller at
244 fs, and the next development is observed at a delay time of
about 350 fs. This suggests that the 1020-nm absorption oscillates
with time. This modulation is revealedmore clearly by analysis of
the kinetics of the absorbance change at 1020 nm (see below).
Fig. 3 shows transient absorption difference spectra measured
for HM182L mutant RCs with femtosecond resolution in the
spectral region of 740–795 nm, inwhich theQy optical transitions
of the RC bacteriopheophytins are located ([43 44 45, 53; Fig. 1).
At 0 delay time, the difference spectrum displays small ab-
sorbance changes associated with the formation of the P* state.
These initial changes probably contribute to the difference spectra
collected at longer femtosecond delays. An interesting feature is
Fig. 3. Transient absorption difference spectra in the range of 740–795 nm
measured at various femtosecond delay times at 90 K for HM182L mutant RCs of
Rb. sphaeroides excited with 20-fs light pulses at 870 nm. For clarity, the spectra
are displaced vertically with respect to one another. The dashed lines show the base
lines for the spectra taken at 0 and 38 fs.
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an absorption decrease emerges in the region of 785 nm, where
the Qy ground-state absorption band of theΦB BPheo is localized
([43–45,53]; Fig. 1]). The bleaching around 785 nm is visible up
to ∼80 fs and probably is obscured by the growing absorption at
about 777 nm at longer delays (Fig. 3). The 785-nm absorption
decrease is seen more clearly in Fig. 4 (spectrum a) where the
absorbance changes observed at 38 fs minus those at 0 fs are
plotted. For comparison, the similar spectrum was calculated
(except the spectrum at 15 fs was subtracted from that at 40 fs) for
RCs of Rb. sphaeroides R-26 that contain the intact BB BChl
molecule (Fig. 4, spectrum b). No absorbance changes are
registered in this latter case over the whole spectral range indi-
cated, suggesting that the absorption decrease at 785 nm in theFig. 4. Differences between the absorbance changes calculated for HM182L
mutant RCs of Rb. sphaeroides (a) and native RCs of Rb. sphaeroides R-26 (b) in
the spectral range of 740–790 nm. a: 38 fs-minus-0 fs, calculated from the
difference spectra presented in Fig. 3. b: 40 fs-minus-15 fs (the difference spectra
used for calculations are not shown). The double-headed arrow demonstrates an
example of the peak magnitude of the signal at 785 nm in mutant RCs used to plot
the kinetics at 785 nm shown in Fig. 5.mutant RC is related to theΦBmolecule. Note that the difference
spectrum measured for Rb. sphaeroides R-26 RCs as a 40 fs-
15 fs is close to 0 because two spectra practically coincide one
another (not shown), resulting in the net null double-difference
spectrum b. The non-null double-difference spectrum a (Fig. 4)
seems to indicate that additional absorbance changes develop in
the mutant RC between 0 and 38 fs. The appearance of the 785-
nm feature in the difference spectra of mutant RCs is ac-
companied by a blue shift of the band at∼755 nm attributable to
HA and/or HB (Fig. 4, spectrum a). A smaller shift is observed
already at 0-delay time (Fig. 3).
3.3. Kinetics of transient absorbance changes
Fig. 5 presents the kinetic traces of absorbance changes in
HM182L mutant RCs at 1020 nm and at 785 and 777 nm plotted
on the basis of the transient difference spectra, the representative
sets of which are shown in Figs. 2 and 3. The kinetics of the P
bleaching at 880 nm and of the P*-stimulated emission at 940 nm
are also presented in Fig. 5. The approach we used to plot the
kinetics needs special comments.
In studying coherence in ultrafast ET in bacterial RCs, a serious
problem is that the photoinduced absorbance changes associated
with the product charge- separated states are superimposed on
interfering background signals. In particular, reactant P* excited-
state absorption that is expected to cover the whole visible and
near infrared regions can bemodulated by the nuclear wave packet
motion [14]. Contributions from other P*-induced effects, such as
shifts of absorption bands and/or redistribution of dipole strengths
between chromophores should also be taken into account. These
facts may severely complicate the analysis of a complex pattern of
oscillatory features obtained in conventional kinetic measure-
ments, in which an overall kinetic trace is registered at a certain
wavelength with respect to zero. A global analysis of complex
kinetics and spectra of ΔA allowing to separate the states is
practically not applicable at such early times. In order to minimize
contributions from these interfering components, we plotted theFig. 5. Kinetics of 90 K transient absorbance changes at 777, 785, 880, 940 and
1020 nm in HM182L mutant RCs of Rb. sphaeroides within the first 400 fs after
excitation with 20-fs pulses at 870 nm. The numbers indicate the multiplication
factors. The approach used to plot the kinetics is described in the text (see also
legends to Figs. 2 and 4). The dashed lines show the polynomial non-oscillating
fits for the kinetics at 940 and 1020 nm.
Fig. 6. Oscillatory parts of the kinetics of 90 K transient absorbance changes at 940
and 1020 nm in HM182L mutant RCs of Rb. sphaeroides obtained by subtraction
of the non-oscillating fits. The kinetics at 785 and 880 nmwas replotted fromFig. 5.
The numbers indicate the multiplication factors.
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developing (or bleaching) bands in the time-resolved absorption
difference spectra after subtracting the background signals [40].
The double-headed arrow in Fig. 2 demonstrates the peak mag-
nitude of the 1020-nm band of HM182L mutant RCs at 119 fs,
superimposed on the background composed mainly of the red
wing of stimulated emission from P* with, possibly, some contri-
bution from excited-state absorption. As the stimulated emission
component decreases smoothly with increasing wavelength in the
1000–1060 nm region (see, for example, Ref. [14]), we approxi-
mated thewavelength dependence of the background signal by the
curve shown in Fig. 2 by the dashed line. This curve is close in
shape to the wing of the red-side P* stimulated emission compo-
nent observed in this spectral region for a mutant RC, in which ET
from P* to BAwas prevented by changing the redox potential of P
(not shown; see also [54] for measurements on the YM210W
mutant in a dehydrated film). The peak magnitudes determined in
this way at various delay times were employed to plot the kinetics
at 1020 nm presented in Fig. 5. The peak magnitude of ΔA at
940 nm was found as the actual magnitude of the absorbance
change at this wavelength minus 0.
The peak magnitudes of theΔA bands in the spectral region of
730–795 nm were obtained from the time-resolved spectra ac-
quired at various delay times after subtracting the spectrum
measured at 0 fs. As an example, the double-headed arrow in
Fig. 4 demonstrates the peak magnitude of the 785-nm bleaching
at 38 fs used to plot the kinetics at 785 nm (Fig. 5).
The overall kinetic trace of the P ground-state beaching at
880 nm is shown in Fig. 5 to mark 0 delay time, at which the 20-fs
pump and probe pulses maximally overlap.
To extract the oscillatory part of the kinetics, the non-oscillating
component was approximated mathematically by a polynomial
function. Polynomial rather than exponential fits were used, as-
suming that exponential processes do not yet develop at such early
times. At longer time (picosecond time domain) a polynomial fit
becomes very close to an exponential, so it is possible to estimate
the time constant for the process.
Turning back to the kinetics ofΔA in mutant RCs note that the
trace of the BA
− absorption development at 1020 nm includes an
oscillatory feature that is apparently superimposed on a non-
oscillating absorption increase (Fig. 5). This situation is similar to
that previously observed for native RCs of Rb. sphaeroides R-26
[40]. Fig. 6 presents the oscillatory parts of the kinetics at 1020 nm
in the HM182L mutant RCs obtained by subtracting the poly-
nomial non-oscillating fit. It is seen that the first development of
the BA
− band at 1020 nm is observed inmutant RCs at∼120 fs, and
the second one at ∼370 fs. The corresponding features for
Rb. sphaeroides R-26 RCs were registered at ∼120 and ∼380 fs
(the ∼260 fs period of the oscillations corresponded to a fre-
quency of ∼130 cm−1) [39,40].
By using a polynomial fit, a superposition of femtosecond
oscillations with a non-oscillating component was also revealed
for the P*-stimulated emission decay kinetics in HM182Lmutant
RCs at 940 nm that reflects a depopulation of the P* state. An
approximate value of the time constant for this process was
roughly estimated to be ∼1.5 ps from the non-oscillating fit. The
first 400-fs part of this kinetics is shown in Fig. 5. Similar featureshave earlier been described for native Rb. sphaeroides R-26 RCs
at 90 K [40]. The overall decay of P*-stimulated emission with a
time constant of 1.4 ps at 77 K was reported for HM182L mutant
and wild type RCs in Ref. 44. In Fig. 6 the oscillatory part of the
kinetics at 940 nm in HM182Lmutant RCs is compared with that
at 1020 nm after subtracting the corresponding non-oscillating fits
presented by the dashed lines in Fig. 5. One can see that the
formation of the 1020-nm band is somewhat faster than the
appearance of the stimulated emission at 940 nmbut in general the
oscillatory parts of the kinetics display a synchronous behavior.
Fig. 5 shows that the kinetic trace of the absorbance change at
785 nm inHM182Lmutant RCs includes an initial growing of the
negative signal followed by its reduction after 40 fs. The deter-
mination of the amplitude of the 785-nm signal was practically
impossible at delays longer than 80 fs due to a development of a
new, overlapping absorption increase at 777 nm (Fig. 3). One
possibility to explain this increase is that the Qy transition ofΦB at
785 nm is shifted to shorter wavelength in response to formation of
the state P+BA
−. The absence of an accompanying absorption
decrease that is expected for such a shift at 785 nm and longer
wavelengths might be explained by a compensating absorbance
change of the opposite sign in this congested spectral region.Most
probably, however, the rising 777-nm band is due to the elec-
trochromic bandshift arising from P+HA
− formation, as can be seen
from Ref. [44].
Figs. 5 and 6 demonstrate that the earliest changes in the
absorption of HM182L mutant RCs upon excitation with 20-fs
pulses take place in the bands at 880 and 785 nm, the bleaching of
which is followed by absorption increases at 1020 and 777 nm at
later times. Bleaching of the ΦB band at 785 nm and the devel-
opment of the BA
− absorption at 1020 nm occur with different
delays relative to the instantaneous P absorption band bleach at
880 nm. As we have already noted above, the 785-nm signal
emerges at delay times longer than ∼10 fs (though it may be
present at zero time) and reaches the maximal magnitude at about
40 fs. The absorption at 1020 nm starts to increase with a longer
(∼50-fs) delay and shows the first oscillation peak at about 120 fs.
It should be mentioned that the apparent lags or phase shifts in the
1 Previously, Katilius and co-authors [43] have confirmed the formation of
the P+ΦB
− state by studying room-temperature absorption changes both in the
ΦB Qx ground-state region (at 538 nm) and in a BPheo anion-absorption region
(near 655 nm).
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however, the conclusion that the bleaching at 785 nm precedes the
absorption increase at 1020 nm is unaltered.
4. Discussion
This report has addressed vibrational coherence in HM182L
mutant RCs of Rb. sphaeroides that contain a BPheo molecule at
the BB binding site, and exhibit both the normal A-branch and
alternative B-branch charge separation [43,44]. The time and
spectral evolution of transient low-temperature (90 K) absorbance
changes were studied in impulsively excited mutant RCs, focus-
sing on detection of oscillatory features in the signals associated
with decay of the P* excited state and formation of the charge-
separated states.
As is demonstrated in Fig. 2, excitation of HM182L mutant
RCswith 20-fs pulses at 870 nm results in a transient development
of the absorption band at 1020 nm that can be assigned to a
monomer bacteriochlorophyll radical anion [7,9,10,13,23]. Since,
in this mutant, the BB binding site is occupied by the BPheo
molecule, of which the radical anion is not expected to have an
absorption band at 1020 nm [23] it is reasonable to assign the
1020-nm band to the BA
−→ (BA
−)* electronic transition. We con-
clude therefore that the HM182L mutation does not affect
significantly the initial electron-transfer reaction in the A-branch
of cofactors, and that BA BChl functions as the primary electron
acceptor with formation of the charge-separated state P+BA
− simi-
lar to that observed for native RCs [6–15]. A prominent feature of
the difference spectra presented in Fig. 2 is that the absorbance
changesmeasured at the earliest delay times (up to about 50 fs) are
close to zero, showing no appreciable absorptive or bleaching
signals in the 1000–1060 nm region. This indicates that instan-
taneous excited-state absorption that has been observed in kinetic
analysis of transient absorbance changes in Rb. sphaeroides R-26
RCs [14] seems to be relatively weak at 1000–1060 nm and is not
revealed in our experiments. The absence of a stimulated emission
signal in this time interval is consistent with the results of previous
studies onRb. sphaeroides [14,32,37–40], which indicate that the
red-side stimulated emission component (the wing of which is
expected to be observed in the 1000–1060-nm range) is delayed
with respect to the blue-side component that is initially induced by
an excitation flash. Such a delay seems to reflect vibrational wave
packet motion on the P* potential energy surface (displaced
relative to the P ground-state surface) towards the region that is
responsible for the red extreme of the stimulated emission band.
In accordance with previous studies [5,39,40] we propose that the
wave packet reaches the transition zone between P* and P+BA
− at
about the same time when the peak in the red-side stimulated
emission appears at 930–940 nm. Electron transfer from P* to BA
evidently occurs very rapidly (might bewithin 10–20 fs [5]) when
the nuclear configuration approaches the optimal position for the
electron transfer. Thus, the kinetics of the electron transfer is
governed by the nuclear conformation changes.
A remarkable observation is that at very early delay times a
transient absorption decrease is observed for HM182L mutant
RCs near 785 nm (Fig. 3). Several facts are important in sug-
gesting a possible origin of this decrease. (i) The absence of asimilar feature in the difference spectrum of native RCs (Fig. 4)
suggests that the decrease at 785 nm in mutant RCs is related to
theΦB molecule. (ii) The difference spectra of mutant RCs show
an absorption increase above 790 nm (Fig. 3). One could suppose
that the decrease around 785 nm constitutes a negative lobe of a
band shift-like spectral feature that would include the increase
above 790 nm as a part of a positive lobe. However, a similar steep
absorption increase above 790 nm can also be seen in the 30-fs
transient low-temperature absorption spectrum of wild-type Rb.
sphaeroides RCs [36,41], where it is part of a complex feature
near 800 nm. It is probable therefore that the decrease around
785 nm in mutant RCs represents a bleaching of the ground-state
Qy absorption band of the ΦB molecule rather than the red shift.
(iii) As the reaction centers are excited selectively into the P band
at 870 nm, a possibility that the bleaching of the ΦB absorption
band at 785 nm is due to a formation of the singlet excited state of
ΦB can be excluded from a consideration. (iv) Since our expe-
riments were performed at rather high pump pulse intensity, we
cannot exclude a possibility of nonlinear coherent optical effects
during and shortly before and after the zone of temporal overlap
between the pump and probe pulses, such as cross phase modu-
lation. Such effects could contribute, for example, to the ampli-
tude of the absorption increase above 790 nmnear 0-fs delay time,
but cannot significantly affect signals at delay times longer than
the pulse duration (20 fs in these experiments). It seems unlikely
therefore that the bleaching signal around 785 nm, which shows
the maximal magnitude at about 40 fs and is seen even at longer
times (up to 80 fs), originates from a coherence artifact. (v) In the
range of 740–795 nm, the difference spectra of mutant RCs
collected at 30–50 fs (Figs. 3 and 4) are very similar in shape to
the 190-ps decay-associated spectrum obtained previously by
Katilius and co-authors [44] for a similar HM182L mutant RC
preparation at cryogenic temperatures and attributed to the pico-
second formation of the charge-separated state P+ΦB
− [43,44].
Both pico- and femtosecond difference spectra are characterized
by bleaching around 785 nm and a feature in the region
of ∼755 nm that can be attributed to a blue shift of the ground-
state absorption band of the HA and/or HB BPheos. An absorption
increase above 790 nm, seen in Figs. 3 and 4, can also be
discerned in the 190-ps difference spectrumof the P+ΦB
− state [44]
although it is much less pronounced in this latter spectrum, being
a part of small absorbance changes near ∼800 nm.
Taken together, these data allow us to suggest that the absorp-
tion decrease near 785 nm, observed for HM182Lmutant RCs on
the femtosecond time scale (Figs. 3 and 4), is due to bleaching of
the Qy band of theΦB molecule (absorbing in this range (Fig. 1))
caused by its transient reduction by P*. This ET process appears
to reflect an early stage of the formation of the P+ΦB
− charge-
separated state detected for thismutant byKatilius et al. [44] in the
picosecond time domain.1 Fig. 5 shows that the maximal
bleaching at 785 nm (at 40 fs) is equal to ∼1% of the bleaching
of the ground-state P band at 880 nm.Assuming that themagnitude
Fig. 7. Simplified one-dimensional schematic representation of the potential
energy curves and their crossings for the initial excited state P* and charge-
separated states P+BA
− and P+ΦB
− in HM182L mutant RCs of Rb. sphaeroides. The
scheme suggests that impulsive excitation of the primary electron donor P at
870 nm creates a vibrational nuclear wave packet in the P* state. Subsequent
oscillating motion of the wave packet on the P* potential energy surface is
accompanied by the population in an oscillatory way of the intercrossing area
between P* and P+BA
− potential energy surfaces (A), or that between P* and P+ΦB
−
surfaces (B). As a result, the population of the P+BA
− and P+ΦB
− states occurs in a
modulated manner. See text for other details.
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− is close to
that of the P band at 880 nm (see Ref. [44]), one can roughly
estimate that the P bleaching due to presumed femtosecond reduc-
tion ofΦB contributes about 1% to the overall P bleach at 880 nm.
This suggests that, at 40 fs, ΦB is reduced in approx. 1% of the
initially excited mutant RCs. The total yield of the P+ΦB
− state at 77
and 9 K has been determined to be equal to 12% on the basis of
picosecond measurements [44]. Using fs measurements of ET in
the YM210W(L) mutant it was suggested [5] that ps time domain
kinetics reflect the stabilization of separated charges by non-
coherent nuclear motions rather than the fast reversible electron
transfer between P* and electron acceptors (but see also theoretical
calculations on the same matter [54,55]).
Figs. 5 and 6 demonstrate that inmutant RCs the kinetics of the
BA
− absorption increase at 1020 nmoscillates, reflecting a coherent
modulation of the development of the P+BA
− state. Considering
possible origins of the modulation of the kinetics at 1020 nm, an
important observation is that the photoinduced absorption band at
1020 nm displays the virtually unchanged band shape and maxi-
mum position over the time interval investigated (Fig. 2). This
implies that the BA
−→ (BA
−)* optical transition remains unaltered
at all delays used in this study. Following Ref. [40], we interpret
these data to indicate the presence of a coherent component in the
dynamics of population of the product P+BA
− state from the
precursor P* state, rather thanmodulation within the product state
itself. A generally synchronous behavior of the oscillatory parts of
the kinetics at 1020 and of the P*-stimulated emission decay
kinetics at 940 nm (Fig. 6) supports this interpretation, suggesting
that surface crossing towards the product P+BA
− state is coupled to
coherent motions in the P* state. The dynamics of ET from P* to
BA in HM182L mutant RCs seems to be similar to that described
for native Rb. sphaeroides RCs [39,40]. The oscillating de-
velopment of the BA
− absorption band at 1020 nm at ∼120
and∼370 fs (Fig. 6) appears to reflect the first two approaches of
the excited wave packet to a transition zone between P* and P+BA
−
surfaces with a partial stabilization of the separated charges in
the P+BA
− state [39,40]. The stabilization process is completed
within ∼1.5 ps at cryogenic temperatures due possibly to a
reorientation of the polar OH group of tyrosineM210 resulting in
a (dynamic) lowering the free energy of P+BA
− with respect to that
of P* [56].
Unfortunately, a detailed analysis of the kinetics at 785 nm
associated with bleaching of the absorption band of the ΦB
molecule in mutant RCs is precluded by strong background
interfering absorbance changes that appear at delay times longer
than ∼80 fs (Fig. 5). Nevertheless, the non-monotonous initial
time evolution of the 785-nm signal allows one to suggest that the
kinetics of the ΦB reduction and, correspondingly, the develop-
ment of the P+ΦB
− state is modulated in time. Previously, sub-
stantial and complicated vibrational coherences have been
detected in the B-band ground-state absorption region in wild
type RCs of Rb. sphaeroides by observing a complex pattern of
oscillatory features in the range of 790–820 nm [35,36,41]. In this
congested spectral region, the early time (30 fs) transient low-
temperature spectra display absorbance changes that can be
ascribed both to P* absorption (positive bands at 808 and 798 nm)
and to an electrochromic shift of the B-bands due to the chargetransfer character of P (band at 798 nm) [36,41]. A small
bleaching around 816 nm can be attributed to the bleaching of the
high-energy exciton band of P. In contrast, only a weak and broad
induced absorption is observed below 790 nm [36,41]. As the
primary photoproduct states in both branches of the cofactors in
the HM182L mutant RC share the same precursor P* state, it is
reasonable to suggest that the samemechanism should give rise to
a modulation of the formation of the product states. By analogy to
the P+BA
− state, we propose therefore that the state P+ΦB
− may be
coherently populated from the P* state.
Qualitatively, the observed early time spectral dynamics in
HM182L mutant RCs can be rationalized in terms of nuclear
wave packet motion in the reactant excited state and its action on
population dynamics of the product charge-separated states. Fig. 7
represents a one-dimensional scheme of the potential energy
curves of the states P*, P+BA
− and P+ΦB
− involved in the initial
charge separation in theΦB-containingRC. It should be noted that
the same nuclear wave packet motion on the P* surface governs
the fast ET processes in both branches. The formation of the P+ΦB
−
and P+BA
− states certainly involves at least two effective nuclear
coordinates. These coordinates are expected to have both a paral-
lel component since charge-separation processes P*→P+ΦB
− and
P*→P+BA
− both include oxidation of P, and an orthogonal
component because reduction of ΦB and BA affects different
nuclear systems. At present the arrangement of the nuclear
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accurately defined. Because of this the scheme presented in Fig. 7
is simplified and has an illustrative purpose: it is divided in two
panels, where nuclear motions for the reactions P*→P+BA
− (panel
A) and P*→P+ΦB
− (panel B) are assumed to proceed along single
independent coordinates. The shapes of the potential energy
curves and their positions are not in scale. The scheme suggests
that excitation of the primary electron donor Pwith the 20-fs pulse
at 870 nm results in a creation of a vibrational nuclear wave packet
in the Frank–Condon region of the excited state P*. The wave
packet then propagates coherently on the P* potential energy
surface. When the wave packet approaches the intercrossing area
between P* and P+BA
− potential energy surfaces (Fig. 7A), or that
between P* and P+ΦB
− surfaces (Fig. 7B), there exists a proba-
bility to reach the potential energy surface of the P+BA
−, or P+ΦB
−,
product state. Coupling of the coherent nuclear wave packet
motion to surface crossing towards the product states can lead to a
modulation of the rate of the electron-transfer reactions, resulting
in the appearance of coherent components in the dynamics of
population of the states. Observing themodulations of the kinetics
of absorbance changes at 1020 and 785 nm can monitor a
modulated population of P+BA
− and P+ΦB
−, respectively.
The appearance of the maximum of the ΦB bleaching at
785 nm shortly after the excitation (∼40 fs) (Fig. 5) suggests that
the initially formed P* state wave packet is localized relatively
close to the intercrossing area between P* and P+ΦB
− potential
energy surfaces (Fig. 7B). The P+ΦB
− state, the standard free
energy of which was estimated to be about 0.16 eV below P* [44]
is populated in this transition zone. This area is also characterized
by light emission at about 895 nm on the blue side of the P*-
simulated emission band [37]. Thus, electron transfer to the B-
branch seems to be coupled to a nuclear configuration that is close
to that in the ground state. Another nuclear configuration is reached
at ∼120 fs when the wave packet moves out of the initially
populated Franck–Condon region and approaches the intercrossing
area between P* and P+BA
− potential energy surfaces (Fig. 7A).
Electron transfer from P* to BA occurs in this case, and light is
emitted at the red side of the stimulated emission band at 940 nm
[5].With thismodel, the electron-transfer reactions P*→P+ΦB
− and
P*→P+BA
− are separated in time and the initial reduction of ΦB
precedes that of BA. The lag of∼80 fs between the first peaks in the
kinetics at 785 and 1020 nm (Fig. 6) may roughly correspond to the
time of the motion of the nuclear wave packet between the two
transition zones. The picosecond measurements [44] have shown
however that the B-branch electron transfer from P* to ΦB ap-
peared slower than the charge separation along the A-branch. The
rate of ET to ΦB was estimated to be roughly constant between
room temperature and 9Kwith a time constant between 7 and 9 ps,
which is about an order of magnitude longer than the lifetime of the
A-branch ET at low temperature [44]. The reasons for this dis-
crepancy are not completely clear. One possible suggestion is that
the early time femtosecond measurements might deal with a
‘reversible' population of the transition zone between P* and P+ΦB
−
and that between P* and P+BA
− without actual potential energy
surfaces crossing. In this case, the initial dynamics of ΦB and BA
reduction is expected to be determined solely by a temporal evo-
lution of the nuclear wave packet and cannot be characterized interms of rate constants. The ET rate measured in the picosecond
time domain reflects the stabilization of separated charges by non-
coherent nuclear motions rather than charge transfer between P*
and electron acceptors [5]. Recently, it has been reported that the
relative stabilization of the state P+BA inRb. sphaeroidesR-26RCs
occurred only beginning from a delay time of about 380 fs [40].
Recently, femtosecond oscillations have been detected in the
kinetics of the P*-stimulated emission decay at 945 nm and of the
BA
− absorption band development at 1028 nm in RCs of the green
filamentous bacterium Chloroflexus (C.) aurantiacus at 90 K
[5,56]. Reaction centers of this bacterium show a similarity to
purple bacterial RCs in both the global chromophore arrangement
and overall photochemistry, but have significant differences in
protein and cofactor composition (reviewed in Ref. [57]). In
particular, a BPheo molecule occupies the BB binding site, and
thus C. aurantiacus RCs have the same pigment composition (3
BChls and 3 BPheos) as RCs of the HM182L mutant of Rb.
sphaeroides have. Strikingly, bleaching in the Qy BPheo region at
748 nm could be recognized in C. aurantiacus RCs at early delay
times (∼40 fs) [5]. This transient signalwas tentatively interpreted
as an indication of an ultrafast ET from P* to the third BPheo
molecule (analogous to ΦB in HM182L mutant RCs) before ET
from P* to BA [5]. It is tempting therefore to propose that
femtosecond ET fromP* to the BPheomolecule at the BB binding
site prior to the P+BA
− state population is a common feature of C.
aurantiacus and HM182L mutant Rb. sphaeroides RCs.
However, interpretation of the results obtained for C. aurantiacus
RCs [5] is more complicated due to a strong overlapping of
absorption bands of all three BPheos, and there is no evidence that
the P+ΦB
− radical pair is stabilized in this type of ΦB-containing
RCs (see Ref. [57]).
5. Conclusions
We have shown that 20-fs excitation of the primary electron
donor P in theΦB-containing HM182L mutant RC of Rb. sphae-
roides results in the transient modulated development of the BChl
radical anion absorption band at 1020 nm similar to that reported
recently for native Rb. sphaeroides R-26 RCs [39,40]. This ob-
servation suggests that the monomer bacteriochlorophyll BA acts
as the primary electron acceptor in the A-branch of the ΦB-
containing RC. Coherence in the P* state was detected in the
mutant RC by observing femtosecond oscillations in the decay
kinetics of the P*-stimulated emission at 940 nm. It is likely that
the modulation of the kinetics of the absorption increase at
1020 nm reflects the presence of a coherent component in the
dynamics of population of the product charge-separated state
P+BA
−. The appearance of such a component can be rationalized in
terms of coupling of the initial electron-transfer reaction in the A-
branch of themutant RC to coherent nuclear wave packet motions
induced on the potential energy surface of the reactant P* excited
state by ultrashort light pulses. The new feature that is not present
in Rb. sphaeroides R-26 RCs is a weak bleaching around 785 nm
observed for the HM182Lmutant RC between about 10 and 80 fs.
Both the assignment of the 785-nm signal and the measurements
of the dynamics at this wavelength are severely complicated by
small amplitude of the absorbance changes and a relatively strong
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bleaching signal is related to the Qy optical transition of the ΦB
molecule, which functions as the primary electron acceptor in the
B-branch of the HM182L mutant RC [43–45]. In the range of
740–795 nm, which includes the QY ground-state absorption
bands of BPheos HA, HB, and ΦB, the absorption difference
spectra of the HM182L mutant RCs taken at 30–50 fs are similar
in shape to the difference spectrum of the P+ΦB
− charge-separated
state measured on the picosecond time scale [44]. On this basis,
we tentatively attributed the femtosecond bleaching around
785 nm to a partial reduction of the ΦB molecule by P*. Inter-
estingly, the 785-nm signal shows non-monotonous time depen-
dence but, unlike the oscillatory features associated with BA, the
dynamics of bleaching at 785 nmwas seen only as a single peak at
40 fs. In principle, these findings are consistent with the propo-
sition that reduction of ΦB occurs within about 40 fs after an
excitation pulse and is linked to wave packet-like nuclear motions
in the P* state. The earlier formation of the P+ΦB
− state can be
related to the optimal nuclear configuration for ET to B-branch,
which is close to that observed for the ground state and char-
acterized by the stimulated emission fromP* at 900 nm. To get ET
to the A-branch the nuclear configuration should be changed and
becomes optimal when the stimulated emission is shifted to
940 nm. We should point out, however, that this is only one
possible interpretation and further investigations are required.
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